The neocortex is a laminated structure; variations in thickness, organization, and cellular composition of its layers are related to functional specialization (Kemper and Galaburda, 1984) . Primary sensory cortex is characterized by an especially prominent internal granular layer (layer IV, Brodmann, 1909) . Neurons in this layer receive direct synaptic input from specific sensory nuclei of the thalamus and thus represent the first stage of cortical processing of sensory information (Herkenham, 1980 (Herkenham, , 1986 Jones, 1981 Jones, , 1985 .
In view of these common features, terminals from specific thalamic nuclei to layer IV of sensory cortex may be morphologically homogeneous and use the same neurotransmitter irrespective of the sensory modality. However, each modality has specific processing requirements; for example, synaptic processing in auditory cortex has uniquely stringent temporal constraints, as auditory localization requires detection of very small binaural timing differences. Such requirements raise the possibility that the terminals of thalamocortical axons from the different sensory relay nuclei are morphologically and neurochemically distinct. These terminals are likely to be excitatory, but their neurotransmitter remains unidentified (Jones, 1985 (Jones, ,1988 .
A variety of pharmacological, electrophysiological, and biochemical evidence supports a role for glutamate (Glu) as a transmitter in thalamocortical fibers to primary sensory areas (reviewed by Tsumoto, 1990; Hicks et al., 1991) . However, the likelihood that Glu is a major transmitter in corticocortical pathways (Streit, 1984; Conti et al., 1987 Conti et al., , 1989 Giuffrida and Rustioni, 1989; McCormick, 1992; Orrego and Villanueva, 1993) complicates interpretation of this evidence: release of Glu associated with thalamic stimulation, interpreted as originating from thalamocortical terminals, might instead represent indirect activation of intracortical synapses. Similarly, the demonstration that Glu antagonists block thalamic activation, though consistent with Glu as a thalamocortical transmitter, might alternatively reflect an indirect or tonic effect of intracortical excitatory connections.
Previous anatomical studies using 3H-~-A~p as a retrograde tracer for putative glutamergic thalamocortical neurons in the ventrobasal and lateral geniculate nuclei provide equivocal support for Glu as a thalamocortical transmitter (Ottersen et al., 1983; Barbaresi et al., 1987; Johnson and Burkhalter, 1992) . Immunocytochemical investigation has demonstrated that relay neurons in thalamus stain for Glu, as well as aspartate . In view of the numerous metabolic functions of glutamate, somatic staining is less conclusive than demonstration of Glu enrichment in synaptic terminals. Moreover, thalamocortical relay neurons are also immunopositive for N-acetylaspartylglutamate, another candidate for transmitter in thalamocortical fibers (Tieman et al., 199 1; Xing and Tieman, 1993) . Montero (1990) demonstrated Glu enrichment in local axon collaterals of relay neurons in the lateral geniculate nucleus, suggesting that cortical terminals of these neurons may also be enriched in Glu. In a preliminary report, we demonstrated Glu enrichment in thalamic terminals to S-l (Kharazia and Figure 1 . Injection sites, in coronal sections through the thalamus, processed with diaminobenzidine histochemistry. A, Large injection site after pressure injection of WGA-HRP in ventrobasal complex (arrow shows needle track). Tracer also entered reticular thalamic nucleus. Note much more circumscribed injection sites after iontophoresis of WGA-HRP into VPL (B), dorsal lateral geniculate (C), and ventral medial geniculate (D). Scale bars, 1 mm. Weinberg, 1993}, using an antibody that exhibits minimal crossreactivity with aspartate or N-acetylaspartylglutamate (Abdullah et al., 1992) . By combining postembedding immunocytochemistry at the electron microscopic level with anterograde transport to identify thalamic fibers terminating in primary somatic sensory, auditory, and visual cortex, we now report that thalamocortical terminals for all three sensory systems have similar morphologies and similar degrees of Glu enrichment.
Materials and Methods
Surgery and tissue preparation. All surgical procedures were performed according to protocols approved by the local Institutional Animal Care and Use Committee. Thirteen male SpragueDawley rats were used for stereotaxic injections into thalamus (Paxinos and Watson, 1986 ). Animals were anesthetized with sodium pentobarbital(50 mg/kg, i.p.) and injected with wheat germ agglutinin conjugated to horseradish peroxidase (WGA-HRP; Sigma). Small iontophoretic injections (2-5 PA, 3-5 min) of 1% WGA-HRP in water were placed in the ventral posterolateral (VPL) or ventral posteromedial (VPM) nuclei, the dorsal lateral geniculate nucleus, or the ventral part of the medial geniculate nucleus, using a vertical approach (Fig. l&D) . To obtain anterograde labeling from both VPM and VPL. pressure deliverv was preferable to iontophoresis. Pressure injections were made into the ventrobasal complex with 0.5-l ~1 of 2% WGA-HRP diluted in 2% dimethyl sulfoxide, using an oblique 45" approach through occipital cortex (Fig. 1A) .
In a preliminary study, we found that labeled thalamic terminals in S-1 were morphologically distinct from a second common type, which we tentatively identified as corticocortical (Kharazia and Weinberg, 1993) . To assess whether this second class of terminals is indeed corticocortical (rather than, e.g., a type of thalamocortical terminal that fails to transnort WGA-HRP). iontouhoretic iniections of WGA-HRP or pressure injections of HRP conjugated to the B subunit of cholera toxin (CTB-HRP, List; 0.2% in 2% DMSO) were made in layers IV-VI of ipsilateral sensory cortex.
After 48 hr survival, animals were deeply anesthetized with sodium pentobarbital(80 mg/kg) and perfused with 100 ml of heparinized normal saline, followed by 500 ml of a mixture of 2.5% glutaraldehyde, 0.5-l% paraformaldehyde, and 0.2% picric acid in 0.1 M phosphate buffer, pH 7.4. The brains were removed, postfixed for l-2 hr in the same fixative, and stored in phosphate buffer at 4°C. Thick coronal sections (50 pm) were cut on a Vibratome and collected in phosphate buffer.
Sections were reacted with diaminobenzidine to verify injection sites. Sections including relevant regions of cortex were reacted according to a tetramethylbenzidine/tungstate (TMB/W) protocol to visualize peroxidase (Weinberg and Van Eyck, 199 1) . In one case, cortex was flattened and tangential sections through S-l were also reacted for TMB/ W. Sections for light microscopy (LM) were usually reacted in TMB for 40-60 min and stained with thionin. For electron microscopy (EM), sections of cortex were reacted 10-15 mitt, stabilized with diaminobenzidine, immersed for 1 hr in 1% osmium tetroxide in phosphate buffer, pH 6, stained for 1 hr in 1% uranyl acetate in maleate buffer, and wafer embedded in Epon-Spurr resin.
Immunocytochemistry. Thin sections including layer IV were collected on uncoated 300 mesh nickel grids and immunostained for Glu as previously described (Phend et al., 1992) . Briefly, grids were washed with TRIS-buffered saline containing 0.3% Triton X-100 (TBST), pH 7.6, incubated overnight in primaryantibody (anti-Glu #482a, Amel; 1: lOO,OOO-1:500,000 in TBST plus 1 mM aspartate), rinsed in TBST, pH 7.6, transferred to TBST, pH 8.2, incubated in secondary antibody (goat anti-rabbit IgG conjugated to gold particles from Amersham, E-Y, or Jackson: 1:25 in TBST. DH 8.2) for 1 hr. rinsed. and dried. To control for the specificity of immunoreaction, we (1) substituted preimmune rabbit serum for primary antibody, and (2) preincubated primary antibody with Glu (0.01-10 mM) before use. To help provide a reference for "background" Glu staining (as explained below) most of the material was also stained for GABA, using different sizes of gold particles (Phend et al., 1992) : after staining for Glu, grids were kept for 1 hr over paraformaldehyde vapors at 80°C (to deactivate remaining binding sites) and processed according to the same protocol using an antibody to GABA (Amel; 1:5000-l 0,000). Grids were counterstained with 1% uranyl acetate and Sato's lead, and examined at 80 kV in a JEOL 200CX electron microscope.
Data analysis. Material was randomly scanned at 20,000 x ; whenever a terminal containing anterograde labeling was seen, it was photographed. Typically, for each animal, two blocks were cut from each of two wafers (prepared from sections several hundred micrometers apart), and four grids were examined from each block. Photomicrographs were usually printed at a final magnification of 35,000 x . Morphometric analysis and determination of particle density were performed on all photomicrographs for which membrane definition was satisfactory, and the labeled terminal was not completely obscured by crystals of HRP reaction product. Areas of labeled thalamocortical terminals, dendrites postsynaptic to them, randomly selected GABA-rrative dendrites, GABA-labeled terminals, and astrocytic profiles (identified according to criteria of Peters et al., 199 1) were measured on a data tablet interfaced to a IBM PC. Gold particles over measured profiles were counted, and particle densities for each profile were computed using a spreadsheet program. Mitochondria were considered separately. In one animal with especially good tissue preservation, synaptic vesicles were counted. Statistical significance was assessed using one-way ANOVA, two-sided t tests, and regression analysis; means are reported t standard errors.
Results

Light microscopy
Injections in thalamic relay nuclei resulted in labeling in the corresponding area of primary sensory cortex (Fig. 2) . Retrograde labeling was prominent in layer VI, extending into layer V. TMB/W crystals interpreted as anterograde labeling were concentrated in layer IV, labeling also extended into more superficial layers (Fig. 3A) . Probable anterograde labeling in layer VI was masked by the numerous retrogradely labeled corticothalamic neurons. Anterograde labeling in S-1 was patchy in both coronal and tangential planes of section (Fig. 3&C) . After comparable iontophoretic injections, anterograde labeling was denser in S-1 than in A-1 or V-1. Vertical pairing of anterograde labeling in layer IV with retrograde labeling in layers V-VI was typical but not invariable; in some cases anterograde labeling was much stronger than retrograde, or vice versa.
Electron microscopy Thalamocortical terminals in layer IV, identified by the presence of electron-dense reaction product (Fig. 4) were usually ovoid, though some had concave appositions. Labeled profiles 0.3-0.5 pm2 in area were numerous in all three regions of cortex; larger terminals were more common in S-1 than in A-1 or V-1 (Fig.  5A , Table 1 ). Labeled terminals were rich in mitochondria. Terminal area and mitochondrial area were positively correlated. Terminals made asymmetric contacts mainly with spines, often exhibiting multiple active zones interpreted as perforated (Fig. 4&D) . Thalamocortical terminals were loosely packed with round, clear vesicles. Some terminals also contained a few densecore vesicles.
Corticocortical terminals in layer IV labeled after nearby WGA-HRP injections resembled those labeled with CTB-HRP (Fig. 4E,F) . Most of these corticocortical terminals made asymmetric synaptic contacts and contained small round vesicles; these were selected for systematic study. Like thalamocortical fibers, they terminated mainly on spines, but in other regards they differed markedly (Table 2) . They were half the area of thalamocortical terminals (Fig. 5B) . The electron-dense active zone was large but lacked perforation. These terminals usually lacked mitochondria. Clear vesicles either completely filled the terminal or were densely clustered near the active zone; about 20% also contained dense-core vesicles. Immunocytochemistry Glu was detectable in all tissue compartments, presumably reflecting its ubiquitous metabolic functions (Fig. 6A ). Though this antibody has been thoroughly characterized in previous publications (Hepler et al., 1988; Johansen et al., 1989; Abdullah et al., 1992; Phend et al., 1992) , to verify specificity of staining in the present material, we performed additional controls. (1) There was virtually no staining when we substituted preimmune rabbit serum for immune serum (Fig. 6B) . (2) The reaction was effectively blocked by the addition of exogenous L-glutamate (Fig. 6C) . Moreover, immunostaining was absent from areas of plastic resin devoid of tissue, such as capillary lumina (Fig. 7A) . In neuronal somata, Glu immunostaining was concentrated over cytoplasmic organelles, especially mitochondria and rough endoplasmic reticulum; in the nucleus, staining was concentrated over the nucleolus and nuclear heterochromatin. Glu immunostaining was sparse over astrocytic profiles and their mitochondria. Staining in dendrites was variable and concentrated over mitochondria and microtubules. Spines were rich in Glu, especially over the postsynaptic density and the spine apparatus. In synaptic terminals, Glu was concentrated over mitochondria and in vesicle-rich areas. Both axoplasm and mitochondria of identified thalamocortical terminals in all three cortical areas appeared to be enriched in Glu (Figs. 6&D, 7) .
To help assess "background" Glu staining, we identified pro- l-l A-l seen to receive synapses from labeled thalamocortical terminals. Attention was focused on GABAergic terminals in the same field as thalamocortical terminals. These GABAergic terminals were morphologically similar for all three areas (Table 3) . They were as large as thalamic terminals and even richer in mito-1 ] 1 1': i '; " chondria, making symmetric synapses mainly onto dendritic shafts. They were loosely packed with vesicles, typically small and round. Dense-core vesicles often seemed to be present, but variable electron density of the vesicles made routine identification difficult. GABAerglc terminals appeared to be Glu negirnmunspositive for GAl3A.
ative, and none of the labeled thalamocortical terminals were
To establish whether thalamocortical terminals were signifi-0 0.5 1.0 cantly enriched in Glu, and to define reference levels likely to reflect metabolic Glu pools, we performed quantitative analysis of Glu immunostaining in these terminals, as well as in spines postsynaptic to thalamocortical terminals, random dendrites, cl Thalamocortical GABAergic terminals, and glial processes (Fig. 60) . Mitochondria were excluded from computation of these densities. One-12
El corticocoltical way ANOVA revealed highly significant differences in Glu levels for the different types of profiles in all three regions of cortex (S-l, F = 55.8; A-l, F = 41.1; V-l, F = 60.5; all p values < 0.001). For all three sensory systems, levels of Glu in thalamocortical terminals were similar, and significantly higher than those in postsynaptic spines, randomly selected GABA-negative dendrites, GABAergic terminals, or glia (Fig. 8) . Glu levels in
Terminal area (pm2) Data are from micrographs of S-1 (forelimb representation) after pressure injections in VPL (76 terminals), or in adjacent cortex (54 terminals making asymmetric synapses). Thalamocortical terminals were larger and richer in mitochondria than corticocortical terminals.
pm* were numerous in all sensory areas; large terminals with area more than 0.6 pm* were uncommon in visual cortex and sparser in A-1 than in S-l. B. Distribution of areas of labeled thalamocortical and corticocorticai terminals sampled in forelimb area of S-1, from two different animals. Corticocortical terminals (shaded) were markedly smaller than thalamocortical terminals (see also 
files rich in GABA. GABA immunostaining was concentrated over a restricted group of somata, aspiny dendrites, axons, and synaptic terminals, interpreted as GABAergic (Fig. 60) . Virtually all HRP-labeled somata in layer IV (interpreted as transneuronally labeled) were GABAergic; with EM these could be Data are from photomicrographs of S-l (30 terminals), A-l (24 terminals), and V-1 (30 terminals) close (< 10 pm) to labeled thalamocortical terminals (from the same material as Table 1 ). GABAergic terminals were as large as thalamocortical terminals, and contained even more mitochondria. . Though visible over all tissue compartments, gold particles were concentrated over the thalamocortical terminal (2°C) and regions of the spine (SF') immediately postsynaptic to it. Particles .were sparse over glia (GL), but high over the dendrite (0) in this micrograph. B, Labeling was virtually absent from another section cut from the same tissue, substituting preimmune rabbit serum (1: 100,000) for primary antibody. C, Preincubation of antiserum with 0.0 1 mM Glu (top panel) had little effect on immunostaining, but staining was progressively blocked after preincubation in higher concentrations of Glu (lower panels). D, Material from S-l after thalamic injection in another animal, double-immunoreacted for Glu (1:200,000, small particles) and GABA (l:lO,OOO; large particles). Numbers represent densities of gold particles coding for Glu over various tissue compartments. Glu was concentrated over thalamocortical terminal (1°C) and especially over mitoehondrion within this terminal (M). In view of its probable metabolic role in mitochondria, mitochondrial densities of Glu were not considered in the quantitative study. Note low concentration of Glu over GABApositive terminal (G+ ); spine (SP) had higher Glu concentration than dendrite(D), due to the high Glu concentration in the region of the postsynaptic density. A-C', 20 nm gold particles; D, 18 nm gold (Glu) and 30 nm gold (GABA). Scale bars: 0.5 am (scale bar in B also for C).
thalamocortical terminals remained significantly elevated even after making a (very conservative) Bonferroni adjustment for multiple t tests. Postsynaptic spines were also significantly enriched in Glu, compared to dendrites. Astrocytic processes had very low levels of Glu.
Glu in thalamocortical terminals appeared elevated in vesiclecontaining regions. The quantitative relationship between Glu and synaptic vesicles was studied in a population of layer IV terminals in the vibrissal representation of S-1, from an animal with optimal tissue preservation. Nearby GABAergic terminals were tallied as a control, to verify that Glu density over vesicles was not merely a consequence of the presence of vesicles (e.g., by serving as a passive antigen-retaining structure). There was a significant correlation between Glu density and vesicle density over vesicle-containing regions for identified thalamocortical terminals (r = 0.57, n = 19; Fig. 9 (These cases were selected for ultrastructural preservation and density of anterograde labeling; similar results were seen in other animals.) Densities of immunostaining were similarly distributed in S-1 (vibrissae), A-1, and V-1; Glu was significantly higher in thalamocortical terminals (n than in dendritic spines (Sp), and much higher than in dendrites (II), GABAergic terminals (G+ ), or astrocytic processes (A). Number inside bars is sample size. *, p < 0.01; **, p < 0.001; two-sided t tests. GABAergic terminals had much higher GABA immunostaining than other profiles (right side). Immunostaining densities for both Glu and GABA were computed after excluding mitochondria.
was seen for the GABAergic terminals, which were uniformly minals originating from nearby cortical neurons. Though this low in Glu (r = 0.16, II = 22).
difference is suggested by published photomicrographs (Jones and Powell, 1970; Garey and Powell, 197 1; LeVay and Gilbert, Discussion 1976; Peters and Feldman, 1976; Sloper and Powell, 1978;  Morphological observations Hersch and White, 198 1; McGuire et al., 1984 ; White and KelThalamic fibers terminating in layer IV of different regions of ler, 1987; LeVay, 1988; Enhanane and White, 1990 ; Czeiger cortex were generally similar, and differed markedly from terand White, 1993) , the present study provides morphometric . Scatterplot showing Glu immunostaining over vesicle-containing regions in thalamocortical terminals (circles) and GABAergic terminals (triangles); regression lines are least squares fits. Density of Glu immunostaining in thalamocortical terminals was significantly correlated with the density of synaptic vesicles; there was no significant correlation between Glu and synaptic vesicles in GABAergic terminals. documentation of differences in these two classes of terminals. Retrograde labeling of corticothalamic neurons was prominent in our material; it is thus in principle possible that some of the layer IV terminals seen after thalamic injection were ascending collaterals of these corticothalamic neurons. However, in view of the clear morphological differences between terminals labeled after thalamic injections and after injections in cortex, we consider it unlikely that a significant fraction of labeled terminals were of cortical origin. Among the differences between terminals labeled after thalamic versus cortical injections, the larger size of thalamocortical than corticocortical terminals was striking. Though the functional significance of terminal size remains unclear, large terminals are associated with strong synaptic drive (e.g., neuromuscular junction, sympathetic ganglia, dorsal column nuclei, ventral cochlear nucleus; see Pierce and Lewin, 1994 , for further discussion). This possibility is consistent with electrophysiological evidence that thalamocortical synaptic drive may be very strong (Hellweg et al. 1977 ). The modest difference in size between thalamocortical terminals in the three areas is unlikely to arise from differential shrinkage, since GABA terminals in the three regions were of uniform size. We speculate that the larger size and denser termination of thalamocortical terminals in S-l (especially in the vibrissal representation) compared to the smaller terminals in A-l and V-l may be a specialization related to the relative importance of the various sensory modalities in the life of the rat (Vincent, 19 12; Krieg, 1946; Stein and Meredith, 1993) . The greater mitochondrial fraction in thalamocortical terminals suggests that thalamocortical neurons may have a higher mean firing rate than corticocortical neurons (see review by Wong-Riley, 1989) as suggested also by electrophysiological data (Simons and Carvell, 1989) . This mitochondrial enrichment of thalamocortical terminals in layer IV is consistent with previous studies correlating regions of thalamic termination in cortex with elevated levels of oxidative metabolism (Fried, 1966, Killackey and Belford, 1979; Jensen and Killackey, 1987) .
Glutamate as a thalamocortical transmitter
Glutamate was significantly enriched in thalamocortical terminals, in comparison with other profiles; the level of this enrichment was comparable in all three cortical areas. Thalamocortical terminals with large areas had concentrations of Glu at least as high as those with relatively small areas (a population that might have been "contaminated" by retrogradely labeled corticothalamic neurons; see above and Fig. 5B) . Similarly, thalamocortical terminals with large mitochondrial fractions had densities of Glu comparable to those with relatively small mitochondrial fractions (thus, exclusion of mitochondria from computations of particle density did not significantly affect the result).
Immunostaining in other profiles is likely also to represent Glu, rather than some nonspecific staining artifact, since (1) the antiserum has low cross-reactivity to other chemicals found in significant concentrations in tissue (Hepler et al., 1988; Johansen et al., 1989; Abdullah et al., 1992) (2) virtually no particles were seen over areas of plastic devoid of tissue, and (3) staining was blocked similarly over all profiles by preincubation with Glu (see Fig. 6C ). Gold particle density exhibits an approximately linear relationship with Glu at moderate Glu concentrations (Ottersen, 1989 ) but higher Glu concentrations may show lower particle density than would be predicted by linearity (Broman and Ottersen, 1992) probably reflecting both steric hindrance and the inability of fixation to retain Glu during the immunocytochemical processing at the > 50 mM concentrations likely to be present in vesicles in vivo (Burger et al., 1989) . Thus, the true enrichment of Glu in thalamocortical terminals compared to other profiles may be greater than indicated by the histograms.
Low levels of Glu in GABAergic neurons and astrocytes have been previously reported (Ottersen and Storm-Mathisen, 1984; Somogyi et al., 1986; Ji et al., 199 1; Broman and Ottersen, 1992; Ottersen et al., 1992; Kharazia and Weinberg, 1993) . We interpret Glu levels in GABAergic terminals as a measure of metabolic Glu in synaptic terminals. Since Glu is a GABA precursor, high glutamic acid decarboxylase activity in these terminals might depress Glu below "background." On the other hand, since these terminals require Glu to synthesize their transmitter, Glu levels might be predicted equally well on a priori grounds to be above "background" (see Martin and Rimwall, 1993 , for further discussion). It is likely that the low Glu level in astrocytes (believed to play an important role in glutamate uptake) reflects its rapid conversion, via glutamine synthetase, for subsequent neuronal recycling (see reviews by Hertz, 1979; Erecinska and Silver, 1990) .
Glu was significantly enriched in thalamocortical terminals in comparison both to randomly selected dendrites and to dendritic spines. The higher levels of Glu in spines postsynaptic to these terminals than in random dendrites raises the possibility that Glu released from terminals may be taken up by the postsynaptic membrane. Postsynaptic Glu uptake into cortical neurons might explain the weak retrograde transport of 3H-~-A~p to thalamus reported after cortical injections (Ottersen et al., 1983; Barbaresi et al., 1987) .
No obvious clustering of gold particles was seen over individual vesicles in the present study, or in previous reports of postembedding immunocytochemistry for amino acid neurotransmitters. That this does not reflect the limited spatial resolution of the immunogold method is indicated by previous reports showing immunolabeling for neuropeptides over densecore vesicles (De Biasi and Rustioni, 1988) . There are several possible explanations for this less restrictive labeling: (1) the clear synaptic vesicles are so small that most are unlikely to be fully accessible to the antibody; (2) there may be in vivo differences in the relative concentrations of the two classes of neuromediators in different synaptic compartments, and intravesicular amino acid concentrations are likely to be in the nonlinear range for the immunogold method; (3) since peptides are easier to fix than amino acids, and large dense-core vesicles seem to be more stable than clear round vesicles, peptides are likely to exhibit less postmortem diffusion than amino acids. Nevertheless, a relationship between Glu enrichment and synaptic vesicle density has been reported (Ji et al., 199 1) . In the present study, the strong positive correlation between Glu labeling and vesicle density in these terminals and the lack of such a correlation in GABAergic terminals lend further support to the notion that these terminals are likely to use Glu as a neurotransmitter.
Glu receptor antagonists can block thalamic excitation of layer IV neurons, and Glu is released in a Caz+-dependent fashion after thalamic stimulation (Tamura et al., 1990; Hicks et al., 1991) . This evidence is not conclusive (see the introductory remarks) since it does not clearly distinguish thalamocortical from corticocortical pathways. The present results strongly support the hypothesis that thalamocortical neurons to S-1 and V-1 use Glu as a neurotransmitter, since our anatomical observations provide direct evidence of its presence in the terminal. Considering the very similar levels of Glu in thalamic terminals to all three regions, it is probable that Glu is a thalamocortical neurotransmitter also for A-1. While the present results do not exclude that other substances, including large neuropeptides, dipeptides such as N-acetylaspartylglutamate, and/or aspartate may also play a role, we propose that Glu may be the main thalamocortical neurotransmitter to all regions of cortex.
